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ABSTRACT
Model studies on the total synthesis of salvilenone, a phenalenone diterpene found in the
roots of Salvia miltiorrhiza Bunge, are reported via a double annulation strategy. The
key steps in the proposed synthesis involve a regiocontrolled benzannulation involving
the photochemical Wolff rearrangement of an a-diazo ketone and an alkoxy acetylene
moiety which assembles an aromatic ring in one step from acyclic precursors followed by
an intramolecular [4 + 2] cycloaddition of a conjugated enyne and benzyne intermediate.
Thesis Supervisor: Rick L. Danheiser
Title: Professor of Chemistry
3
TABLE OF CONTENTS
Part I Introduction and Background
Properties of Salvilenone and Related Natural Products .............................. 6
A New Synthetic Strategy ................................................................. 8
Part II Benzannulation
Benzannulation Background ............................................................ 12
Synthesis of Benzannulation Substrates -Alkoxy and Siloxy Acetylenes......... 12
Synthesis of Benzannulation Substrates - a-Diazo Ketones ......................... 14
Benzannulation Results and Discussion ................................................. 18
Part III Enyne Cycloaddition
Enyne Cycloaddition Background ......... ......... ..................... 20
Synthesis of Enyne Cycloaddition Substrate ............................ 21.......21
Enyne Cycloaddition Results and Discussion ......... .............................. 22
Part IV Experimental Section
General Procedures ................................................................... 25
Materials .................................................................. 25
Chromatography .................................................................. 25
Instrumentation .................................................................. 26
Experimental Procedures and Spectra ................................................. 27
4
Part I
Introduction and Background
5
Properties of Salvilenone and Related Natural Products
Aromatic annulations are an attractive strategy for the synthetic chemist.
Classical constructions of substituted aromatic rings involving electrophilic and
nucleophilic aromatic substitution and directed metallation are linear in nature and often
result in complications with regiocontrol and functional group compatibility.
Annulation strategies are very effective due to their convergent nature and
regioselectivity. Herein, I will describe studies directed toward the total synthesis of
salvilenone (1) utilizing two such annulation strategies.
Phenalenones are an unusual class of nonbenzenoid aromatic compounds.
Many of the naturally occurring phenalenones are oxygenated plant and fungal
pigments. 1 Recently, novel phenyl substituted phenalenone structures such as 2 have
been isolated from the Xiphidiu caeruleum plant, a member of the Haemodoraceae plant
family2 and phenalenone glycosides such as 3 from Dilatris viscose Bergius have been
isolated as well.3
Figure 1
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Salvilenone (1) is a phenalenone diterpene that was isolated from the Chinese
red-rooted sage Salvia miltiorrhiza independently by the groups of Kakisawa in 19854
and Eugster in 1975.5 The roots of Salvia miltiorrhiza Bunge are used in traditional
Chinese medicine for the treatment of various conditions including heart disease, blood
disorders, hemorrhages, and viral hepatitis. 6
For a review of naturally occurring phenalenones, see: Cooke, R. G.; Edwards, J. M.; Prog. Chem. Org.
Nat. Prod. 1981, 40, 153.
2 Opita, S.; Holscher, D.; Oldham, N. J.; Bartram, S.; Schneider, B. J. Nat. Prod. 2002, 65, 1122.
3 Dora, G.; Xie, X-Q.; Edwards, J. M. J. Nat. Prod. 1993, 56, 2029.
4Kusumi, T.; Ooi, T.; Hayashi, T.; Kakisawa, H. Phytochemistry 1985, 24, 2118.
5 Hensch, M.; Eugster, C.-H.; Weber, H.-P. Helv. Chinz. Acta 1975, 58, 1934.
6 (a) Chien, M. K.; Young, P. T.; Ku, W. H.; Chen, Z. X.; Chen, H. T.; Yeh, H. C. Acta Chim. Sinica 1978,
36, 199. (b) Zhou, C. W.; Li, D. Y.; Gen, W. C.; Sheng, T. G. Acta Pharm. Sinica 1979, 37, 277. (c)
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A previous synthesis of salvilenone by Kakisawa and coworkers utilizes a
classical route which encompasses two Friedel-Crafts cyclization reactions and requires
14 steps overall.7 Substitution around the arene 9 was achieved through traditional
directed metallation reactions and Friedel-Crafts acylations.
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Salvilenone has been synthesized in our laboratory previously by two routes
using a photochemical aromatic annulation strategy in a highly convergent manner in
only seven and eight steps,8 respectively (Scheme 2). The key step involved the
benzannulation of siloxy acetylene 11 with a-diazo ketone 12 or 13. The route is highly
efficient (half the number of steps of the previous linear approach) and demonstrates the
utility of the benzannulation method to construct highly substituted aromatic rings in a
convergent manner.
Wang, Y. P.; Chen, Y. H.; Xu, D. Z.; Jiang, J. X. Shang-hai Ti I I Hsueh Yuan Hseuh Pao 1980, 7, 347.
(d) Luo, H.; Wu, B.; Yong, Z.; Jin, Y. Acta Pharm. Sinica 1985, 20, 542. (e) Zhou, Q. in Advances in
Chinese Materials Research, Chang, H. M.; Yeung, H. W.; Tso, W. W.; Koo, H., Eds.; World Scientific
Publishing: Singapore, 1985, p 215. (f) Duke, J. A.; Avensu, E. S. In Medicinal Plants of China, Vol. 2,
Reference: Algonac, MI, 1985; p 381. (g) Chang, H. M., But, P., Eds.; Pharmacology and Applications of
Chinese Materia Medica; World Science: Singapore, 1986; Vol. 1, pp 255-268.
7 (a) Zheng, G.-C.; Kojima, T.; Kakisawa, H. Heterocycles 1988, 27, 1341. (b) Zheng, G.-C.; Kakisawa,
H. Bull. Chem. Soc. Jpn. 1989, 62, 1117.
8 Danheiser, R. L.; Helgason, A. L. J. Am. Chem. Soc. 1994, 116, 9471.
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A New Synthetic Strategy
For our previous synthesis, both a-diazo ketone precursors (12 and 13) were
derived from commercially available substituted benzene derivatives. We envisioned
that salvilenone could also be synthesized using a double annulation strategy in which all
three core rings are formed in annulations.
Scheme 3
OHC- I"CO 2Me
14
1) Me3SiC(Li)N2 or
CH3COC(N2)PO(OMe)2
K2CO3, MeOH
2) Me3SiO I 15
cat. Pd(PPh3)4, cat. Cul, n-BuNH2
3) LiCHBr2, THF; then n-BuLi;
then add i-PrSiCI
O
Me3Si(i-Pr)3 SiOhvt 1Me3Si°>C <) hv, rt N2
CH3 2) Tf2O, i-Pr2EtN16
TBAT
then add
DDQ
0 0
Salvilenone CH3
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Salvilenone can be accessed via oxidation of intermediate 19. We proposed that
the polycyclic intermediate 19 could be derived by using a tandem combination of
intramolecular enyne cycloaddition and benzannulation methods developed in our
laboratory. The substrate for the enyne cycloaddition would be obtained from the
sulfonation of an ortho-trimethylsilyl phenol. The phenol intermediate would in turn be
synthesized by the benzannulation of siloxy acetylene 16 with diazo ketone 17, which
would be accessed via a detrifluoroacetylative diazo transfer method developed in our
8
-0
L
'CH3
laboratory.9 The siloxy acetylene 16 involved in the first annulation would be prepared
firom the known aldehyde 14 in three steps via a variant of the Colvin reaction which is
compatible with esters, 10 Sonogashira coupling " with the known iodide 15, and
Kowalski homologation. 12
This new synthetic route employs the benzannulation involving the
photochemical Wolff rearrangement of an a-diazo ketone (used in the previous synthesis)
to form an aromatic ring followed by an intramolecular [4 + 2] cycloaddition of a
conjugated enyne and benzyne intermediate to construct two more rings in one step. In
order to test the feasibility of this new route for the total synthesis of salvilenone, we
developed plans for the following model study outlined in Scheme 4. The details of this
study are described in this thesis.
9(a) Danheiser, R. L.; Miller, R. F.; Brisbois, R. G.; Park, S. Z. J. Org. Chem. 1990, 55, 1959. (b)
Danheiser, R. L.; Miller, R. F.; Brisbois, R. G. Organic Syntheses; Wiley: New York, 1998; Collect. Vol. IX,
p 197.
' (a) Colvin, E. W.; Hamill, B. J. J. Chem. Soc. Perkin Trans. I 1977, 869. (b) Miwa, K.; Aoyama, T.;
Shiori, T. Synlett 1994, 107. (c) Gilbert, J. C.; Weerasooriya, U. J. Org. Chem. 1982, 47, 1837. (d)
Gilbert, J. C.; Weerasooriya, U. J. Org. Chem. 1979, 44, 4997. (e) Muiller, S.; Liepold, B.; Roth, G. J.;
Bestmannm, H. J. Synlett 1996, 521. See also the review (f) Eymery, F.; Iorga, B.; Savignac, P. Synthesis
2000, 185.
^ For reviews of the Sonogashira reaction, see: (a) Brandsma, L.; Vasilevsky, S. F.; Verkruijsse, H. D.
Application ofJ' Tansition Metal Catalysis in Organic Synthesis, Springer: New York, 1998; Ch. 10, pp 179-
225. (b) Diederich, F.; Stang, P. J. Metal Catalyzed Cross-Coupling Reactions; Wiley-VCH; New York,
1998; Ch. 5, 203-229. (c) Negishi, E.; Anastasia, L. Chem. Rev. 2003, 103, 1979.
12 Kowalski, C. J.; Lal, G. S.; Haque, M. S. J. Am. Chem. Soc. 1986, 108, 7127.
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Part II
Benzannulation
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Benzannulation Background
A regiocontrolled benzannulation method to synthesize highly substituted
aromatic products has been developed in our laboratory. The "first generation" version
of our benzannulation methodl3 involves cyclobutenone derivatives which undergo a 4t
electrocyclic ring opening under thermal or photochemical conditions to generate
vinylketenes which react with an activated alkyne in a regiospecific [2 + 2] cycloaddition
to produce a vinylcyclobutenone. In a cascade-like process, the resulting
vinylcyclobutenone intermediate can then undergo a 4 electrocyclic ring opening
followed by a 6 electrocyclic ring closure and tautomerization to yield a highly
substituted aromatic system. The "second generation" benzannulation14 uses a-diazo
ketones which can undergo a photochemical Wolff rearrangement to provide the
vinylketene intermediate that reacts with the ketenophilic acetylene. My research has
focused on this second generation approach.
Scheme 5
A or hv hv 67r electrocylic
47t electrocyclic photo Wolff closure,
ring opening tautomerization
R4 R3 2
R3 [2+2] R4 /R 2 47 electrocyclic R
cycloaddition X opening R3 X
R2 O " R1 R40 R'/1/ 
Synthesis of Benzannulation Substrates - Alkoxy and Siloxy Acetylenes
To generate the 2 component in the benzannulation, our first approach was to
synthesize siloxy acetylene 21 with the enynyl subunit, which is necessary for the
subsequent cycloaddition step, already attached before the photochemical benzannulation
step. To synthesize this compound, we applied the reported Fischer esterification
3 Danheiser, R. L.; Gee, S. K. J. Org. Chem. 1984, 49, 1672.
'4 Danheiser, R. L.; Brisbois, R. G.; Kowalczyk, J. J.; Miller, R. F.; J. Am. Chem. Soc. 1990, 112, 3093.
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procedure to the commercially available carboxylic acid 25 to afford the known methyl
ester 20 without incident in 86% yield.' 5 Sonogashira cross coupling of 20 with 2-
bromopropene gave enyne 26 in good yield. Transformation of the ester to the siloxy
acetylene was established using the Kowalski homologation, 16 specifically the modified
procedure by Smith and Kozmin. 17 Although we encountered problems with the
synthesis of siloxy acetylene 21 (yields for the second step ranged from 10-33%), enough
material was made for preliminary testing of the benzannulation reaction.
Scheme 6
1.5 equiv 'JBr
6 mol% Cul
0.007 equiv p-TsOH 3 mo1% Pd(PPh3)2CI23 mol% Pd(PPh )2CI2x 0.007 equiv p-TsOH 3.5 equiv piperidine
fx./'- -. ' CO2H MeOH, CH2CI2 C 2 3.5 equiv piperidineC 2 MeOH, CH2C2 THF, rt, 1 h 30 min
reflux, 24 h
25 20 85%86%
1) 2.5 equiv CH2Br22.4 equiv LiTMP
THF, -78 °C, 10 min
2) 1.05 equiv LiHMDS
-78 °C, 10 min;
then 2.2 equiv n-BuLi
-78 °C, 10 min;
21 then 1.08 equiv TIPSOTf
-78 °C to rt, 20 min
THF
Unfortunately, benzannulations with the siloxy acetylene 21 were not successful.
The enyne is thought to be unstable to the reaction conditions - when irradiated at 254 nm
in the Rayonet photochemical reactor by itself in 1,2-dichloroethane, the compound
seemed to decompose by TLC analysis and also formed a dark coating of polymers on the
sides of the Vycor tube. Although different irradiation wavelengths were investigated
through the use of a medium-pressure Hanovia lamp with pyrex filter (blocks
wavelengths below 300 nm) and with 300 nm UV bulbs in the Rayonet, the crude yield
of the desired product did not increase and ranged from 17-31%. We believed that the
attachment of the enynyl subunit after the benzannulation would circumvent this problem,
15 Dasse, O.; Mahadevan, A.; Han, L.; Martin, B. R.; Di Marzo, V.; Razdan, R. K. Tetrahedron 2000, 56,
9195.
16 Kowalski, C. J.; Lal, G. S.; Haque, M. S. J. Am. Chem. Soc. 1986, 108, 7127.
17 (a) Kowalski, C. J.; Fields, K. W. J. Am. Chem. Soc. 1982, 104, 321. (b) Smith, A. B.; Adams, C. M.;
Kozmin, S. A.; Paone, D. V. J. Am. Chem. Soc. 2001, 123, 5925. (c) Schramm, M. P.; Reddy, D. S.;
Koznmin, S. A. Angew. Chem. Int. Ed. 2001, 40, 4274.
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so siloxy acetylene 28 was also investigated as a coupling partner for the benzannulation.
We used a method developed by Julia,'8 which uses lithium tert-butyl hydroperoxide to
oxidize organolithium compounds, with the hope that installation of the enyne fragment
after the benzannulation would improve the reaction yields. However, the synthesis of
siloxy acetylene 28 also proved to be problematic, and the yield was not optimized.
1.0 LiHMDS, -78 °C, 45 min; (i-Pr)3SiO
then 1.2 equiv LiOOt-Bu, -78 °C, 10 min;
then 1.3 equiv TIPSOTf, -78 °C, 2.5 h (1)
THF
27 30% 28
Due to complications with the preparation of the siloxy acetylenes, we turned our
attention to alkoxy acetylenes which can also serve as coupling partners with a-diazo
ketones in the benzannulation step. The Finkelstein reaction 19 of 5-chloropentyne
produced the corresponding known iodide 30. 20 Although alkylations with
ethoxyacetylene are reported in the literature,21 we encountered some unexpected
problems of low yields and undesired byproducts. We found that best results for the
purification of ethoxyacetylene 31 are obtained with acetone-deactivated silica gel.
After some optimization, we were able to synthesize the desired ethoxy alkyne 31 in 54%
yield from the iodide.
Scheme 7
3 equiv - OEt
2 equiv n-BuLi, -78 °C, 2 h
Cl-~ 5 equiv Nal 2.6 equiv HMPA, -78 °C, 45 min; EtO
acetone then add iodide
56 °C, 31.5 h 0 C to rt, 3 h
THF
29 70% 30
54% 31
Synthesis of Benzannulation Substrates - a-Diazo Ketones
a-Diazo ketones can undergo a photochemical Wolff rearrangement to generate
18 Julia, M.; Saint-James, V. P.; Verpeaux, J.-N. Synlett 1993, 3, 233.
19 Finkelstein, H. Chem. Ber. 1910, 43, 1528.
20 Luyt, L. G.; Bigott, H. M.; Welch, M. J.; Katzenellenbogen, J. A. Bioorg. Med. Chem. 2003, 11, 4977.
21 (a) Kocienski, P. J.; Pelotier, B.; Pons, J.-M.; Prideaux, H. J. Chem. Soc., Perkin Trans. 1 1998, 1382.
(b) Pons, J.-M.; Kocienski, P. Tetrahedron Lett. 1989, 30, 1833.
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vinylketenes which react in a regiospecific [2 + 2] cycloaddition with activated alkynes in
the benzannulation. There are many useful methods to synthesize a-diazo ketones. 22
The a-diazo ketones used in this study were prepared from the corresponding methyl
ketones through a detrifluoroacetylative diazo group transfer process developed in our
laboratory. 9
We first focused on the synthesis of the mono-silyl diazo enone 22. Alcohol 33
was prepared according to the literature procedure for the reduction of commercially
available 32.23 Oxidation of the alcohol provided the known methyl ketone 3424 which
was subjected to the detrifluoroacetylative diazo group transfer reaction conditions.
This sequence of reactions was not optimized because a different route was later pursued.
Scheme 8
Cr03OH 1.6 equiv Red-Al OH H20, H2SO4
Me3Si = ( Et2O, 0 TC to rt, 3h Me3 Si acetone, rt, 30 min
32 33 34% over 2 steps
1) 1.1 equiv LiHMDS
-78 °C, 1 h;
then 1.2 equiv TFETFA,
-78 °C, 1 h, THF 
Me 3 SiN 2) 1.0 H20 Me 3 Si
1.5 Et3N22 1.5 MsN3 34
CH3CN, rt, 4.5h
57%
With the a-diazo ketone 22 in hand, we focused our attention on the key
benzannulation step. Unfortunately, there were complications due to the 1,3-silyl
migration 25 of the trimethylsilyl group which resulted in the formation of the silyl enol
22 For reviews on a-diazo ketone preparation, see: (a) Doyle, M. P.; McKervey, M. A.; Ye, T. Synthesis of
a-Diazo Carbonyl Compounds. Modern Catalytic Methods for Organic Synthesis with Diazo Compounds.
finom Cvclopropanes to Ylides; Wiley & Sons: New York, 1998; Chapter 1, pp 1-60. (b) Regitz, M.; Maas,
G. Diazo Compounds: Properties and Synthesis; Academic Press: Orlando, 1986.
23 (a) Mohamed, M.; Brook, M. A. Helv. Chim. Acta 2002, 85, 4165. (b) Procter, G.; Russell, A. T.;
Murphy, P. J.; Tan, T. S.; Mather, A. N. Tetrahedron, 1988, 44, 3953. (c) Russell, A. T.; Procter, G.
Tetrahedron Lett. 1987, 28, 2041. (d) Mancini, M. L.; Honek, J. F. Tetrahedron Lett. 1983, 24, 4295.
24 For a related synthetic route, see: Bulman-Page, P. C.; Ley, S. V. J. Chem. Soc., Perkin Trans. 1. 1984,
1847.
25 For a recent theoretical study and leading references, see Takahashi, M.; Kira, M. J. Am. Chem. Soc.
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ether of type 41. The 1,3 carbon-oxygen silyl shift (i.e., 39-41) to form a silyl enol
ether is a well known process and has been observed previously in our laboratory in
reactions involving related -silylcyclohexadienone intermediates.2 6 Another byproduct
that was isolated was the phenol of type 42 which could be a result of the silyl ether in 41
being cleaved or by protodesilylation of the desired product 40 during the purification on
silica gel or by adventitious acid in the reaction mixture. Another possibility for the
formation of compounds of type 42 is protodesilylation due to the increase in acidity of
the excited state phenol27 during the photochemical reaction conditions.
Scheme 9
hv SiMe3 37O photo Wolff SiMe3 X [2+2] Me3SiMe3Si ;/~~ .N2 - ~ o + cycloaddition X
22 R 0O R
35 36
4, electrocyclic
opening
tautomerization 6xt electrocylic X
Me3Si R Me3S R closure 
~~~~~~~~OH 0 ~~~~~~~~~ Me3Si 0. R
40 39
38
1,3 silyl
proto- migration
desilylation
R silyl ether
OH cleavage OSiMe3
42 41
Although many different reactions conditions were tried with various
temperatures, reaction concentrations, and radiation wavelengths, the silyl migration
could not be suppressed. Typically, these reactions resulted in the isolation of the
1999, 121, 8597. For related rearrangements, see (a) Moser, W. H.; Sun, L.; Huffman, J. C. Org. Lett.
2001, 3, 3389. (b) Chamberlin, S.; Wulff, W. D. J. Org. Chem. 1994, 59, 3047. (c) Fogel, L.; Hsung, R.
P.; Wulff, W. D.; Sommer, R. D.; Rhinegold, A. L. J. Am. Chem. Soc. 2001, 123, 5580.
2(' (a) Austin, W. F.; Zhang, Y., Danheiser, R. L. submitted (b) Loebach, J. L.; Bennett, D. M.; Danheiser,
R. L. J. Org. Chem. 1998, 63, 8380.
27 Tolbert, L. M. and Haubrich, J. E. J. Am. Chem. Soc. 1990, 112, 8163 and references therein.
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desired product, silyl migration product, and the desilylated desired product. The best
results for the benzannulation of diazo ketone 22 with ethoxy propyne, resulted in 58%
yield of a 47:53 mixture of desired product (compound of type 40) to silyl migration
byproduct (compound of type 41) with an additional 17% of desilylated byproduct
(compound of type 42) isolated as well.
To overcome this problem, we turned to the synthesis of the bis-silyl diazo
ketone 43. We envisioned that after the 6 electrocyclic ring closure, the bis-silyl
ketone would undergo 1,3-silyl migration to form the aromatic silyl enol ether.
Cleavage of the silyl ether bond would produce the desired phenol 40 (Scheme 10).
Scheme 10
MeS Me3 Si > --
Me3Si Me3 Me3Si RO OSiMe3 OH
44 45 40
As shown in Scheme 11, the known allene 48 was synthesized in one pot from
propargyl alcohol according to the reported procedure.2 8 The allene was then alkylated,2 9
bis-silylated, and hydrolyzed 3 0 to form known methyl enone 51.31 This process
produced the desired silyl enone in 70% yield from allene 48 in ca. 90% purity with only
one purification step. Application of the detrifluoroacetylative diazo transfer procedure
to the bis-silyl enone produced the desired bis-silyl diazo ketone 43 in 34% overall yield
from 48.
28 Brandsma, L. Synthesis of Acetylenes, Allenes and Cumulenes. Methods and Techniques, Elsevier:
Amsterdam, 2004; pp 330-331.
29 Brandsma, L,. Synthesis of Acetylenes, Allenes and Cumulenes. Methods and Techniques, Elsevier:
Amsterdam, 2004; pp 32, 48-49, 109-110.
30 Takeda, K.; Nakajima, A.; Takeda, M.; Yoshii, E. Organic Syntheses Coll. Vol. 10, 156.
31 For a related synthetic route, see (a) Mantione, R.; Leroux, Y. Tetrahedron Lett. 1971, 7, 593. (b)
Mantione, R.; Leroux, Y. J. Organomet. Chem. 1971, 31, 5.
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Scheme 11
1.4 equiv
OH 0.0012 equiv p-TsOH
THF
-20 °C to -10 °C, lh46 F
OEt
47
47
I
0.10 equiv t-BuOK
DMSO
-15 °C to rt, 2h
61% two steps
OEt
O
48
0.9 equiv n-BuLi -70 °C
-70 °C, 15 min then to -30 °C;
then 0.9 equiv Mel
0.8 equiv HMPA
-10 °C 40 min then to rt
THF-hexanes
0.26 equiv p-TsOH
MeOH, rt, 30 min
1) 1.1 equiv LiHMDS
-78 C 45 min;
then 2.0 equiv TFETFA,
-78 °C, 15 min
THF
OEt
Me3Si O
Me3Si
50
Me3Si O
1.2 equiv n-BuLi -78 °C, 1 h
1.2 equiv TMSCI -78 °C to rt, 2h
1.5 equiv n-BuLi -78 °C, 1 h
1.5 equiv TMSCI -78 °C to rt, 1 h
THF
OEt
=49
49
2)1.0 H2 0 N21.5 Et3N Me3Si 
1.5 MsN3
CH3CN, rt, 5h 43
34% from 48
Benzannulation Results and Discussion
By switching to the bis-silyl a-diazo compound 43, we hoped to solve the
problem of the silyl migration as well as any possible protodesilylation problems that can
be encountered due to the acidic nature of the excited state phenol.27 We envisioned that
cleavage of the silyl ether could be achieved selectively in the presence of the aryl silyl
bond and therefore we would be able to reach our desired phenolic compound 53 in better
yields. The benzannulation with the bis-silyl diazo ketone worked in good overall yield.
Different conditions were attempted to induce the cleavage of the silyl ether bond. The
best conditions for the selective deprotection of the silyl ether that we found involved the
use of a catalytic amount of K2CO3 in MeOH at rt for about 7 min. Longer reaction
times of 1.5 h resulted in byproduct formation, possibly due to the cleavage of the aryl
silyl bond as well.
Scheme 12
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67% for 2 steps
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With the desired phenol 53 in hand,
the benzyne-enyne cycloaddition.
we moved on to the next annulation step involving
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Enyne Cycloaddition: Background
The next step in our synthetic route is the intramolecular [4 + 2] enyne
cycloaddition 3 2 that should form the final two rings in one step. Ortho-silylaryl triflates
of type 54 can undergo a fluoride induced 1,2-elimination to form a benzyne 33
intermediate that can react as the 2 component in the [4 + 2] intramolecular
cycloaddition.
Scheme 13
Me3 Si K' X
OTf R
R1 R1
54 55 56
The method provides an efficient route to highly condensed polycyclic aromatic
systems. The advantages of this method are that a variety of compounds can be
accessed from different substituted enynes via Sonogashira coupling, and it occurs
readily at room temperature under very mild conditions. The reagent used to generate
the benzyne intermediate is tetrabutylammonium triphenyldifluorosilicate (TBAT)34
which is a nonhygroscopic source of fluoride.
The mechanism of this reaction is believed to go through a cyclic allene
intermediate. Depending on the nature of the substrate, it is believed that 2,6-di-tert-
butyl-4-methyl phenol (BHT) acts as either a proton or hydrogen atom source which
facilitates the isomerization of the newly formed ring to the final product.
32 For a full account of the scope, limitations, and mechanism of this reaction, see (a) Hayes, M. E. Ph. D.
Thesis, Massachusetts Institute of Technology, Cambridge MA, June 2004. (b) Hayes, M. E.; Shinokubo,
H.; Danheiser, R. L. submitted.
33 Reviews: (a) Hoffmann, R. W.; Dehydrobenzene and Cycloalkynes, Acadermic Press: New York, 1967.
(b) Gilchrist, T. L. in The Chemistry of the Functional Groups, Suppl. C. The chemistry of the Triple-
Bonded Functional Groups; Patai, S., Rappaport, Z., Eds.; Wiley: New York, 1983; Ch. 11, pp 383-419.
(c) Hart, H. In The Chemistry of the Triple-Bonded Functional Groups, Patai, S., Rappaport, Z., Eds.;
Wiley: New York, 1994; Ch. 18, pp 1017-1134. (d) Pellissier, H.; Santelli, M. Tetrahedron 2003, 59, 701.
34 For a discussion of the preparation and stability of TBAT, see: Handy, C. J.; Lam, Y.-F.; DeShong, P. J.
Org. Chem. 2000, 65, 3542.
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Synthesis of Enyne Cycloaddition Substrate
At this point, the next steps that were required in our model study were a
Sonogashira coupling to install the enyne moiety and sulfonylation3 5 of the phenol to
form compound 64, an ortho-(trimethylsilyl)aryl triflate which was our target substrate to
test the intramolecular [4 + 2] enyne cycloaddition.
Scheme 15
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3.0 equiv Br
6 mol% Cul
3 mol% Pd(PPh3) 2C12
3.5 equiv piperidine
THF, rt, 1 h 20 min
52 %
4.0 equiv Tf2O
6.0 equiv i-Pr2NEt
CH2CI2
-78 C to rt, 9 h
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The conjugated enyne was installed via Sonogashira cross coupling. The next
conversion from the phenol to the aryl triflate proved to be more difficult than anticipated.
Excess of triflic anhydride and Hinig's base were necessary due to the sterically hindered
35 For reviews on triflate preparation and transformations, see: (a) Baraznenok, I. L.; Nenajdenko, V. G.;
Balenkova, E. S. Tetrahedron 2000, 56, 3077. (b) Ritter, K. Synthesis 1993, 735.
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environment of the phenol. However, at low temperatures (-78 °C) complete conversion
to the triflate was not observed even after 10 h. At higher temperatures, we were able to
isolate 54% of the desired product, but this yield is lower than expected based on
previous sulfonylation reactions of very similar silyl phenols carried out in our
laboratory.32 We hypothesize that at higher temperatures, there are competing reactions
such as electrophilic aromatic substitution due to the electron rich aromatic system and
the presence of the excess triflic anhydride. In order to conserve material, this
sulfonation step was carried out several times at -78 °C, and the yields of isolated product
ranged from 15-18% because of difficulties in the purification of these reaction mixtures
in separating the starting material from the product. The mixture of starting material
and product was recovered and re-subjected to the reaction conditions.
Enyne Cycloaddition: Results and Discussion
Having synthesized the ortho-(trimethylsilyl)aryl triflate, we had the last key step
left to accomplish - the intramolecular [4 + 2] cycloaddition of the benzyne with the
conjugated enyne. Initially, we tried the optimized protocol developed by Martin Hayes
for the cycloaddition of similar substrates (eq 2). It was found that the reaction occurred
readily at rt and went to completion over the course of 6 h. The dilute concentrations
are necessary to avoid unwanted intermolecular side reactions of the aryne intermediate.
2.0 equiv TBAT
1.5 equiv BHT
THF (0.005 M) (2)
OTf NTf rt, 6h NTf
74%
65 66
We were surprised to find that the conversion of 64 to 67 required a larger excess
of TBAT and longer reaction times (eq 3). Although there were problems due to
incomplete conversion of the starting material, we were still able to achieve a 59% yield
of the desired product.
<OEt 3.0 equiv TBAT OEt
_~Olt l 1.5 equiv BHT
Me3Si THF, rt, 44 h
OTf
V J 59% H3C
64 67
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Summary
The synthesis of 67, a highly condensed polycylic structure was accomplished
using a double annulation strategy (Scheme 16). The key steps in this synthesis involve
a regiocontrolled annulation involving the photochemical Wolff rearrangement of an a-
diazo ketone and an alkoxy acetylene moiety and an intramolecular [4 + 2] cycloaddition
of a conjugated enyne and benzyne intermediate. It has been demonstrated that this
highly convergent double annulation strategy is feasible and could be applied to the total
synthesis of salvilenone.
Scheme 16
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General Procedures. All reactions were performed in flame-dried glassware under a
positive pressure of argon and stirred magnetically unless otherwise indicated. Air-and
moisture-sensitive liquids and solutions were transferred via syringe or cannula and were
introduced into reaction vessels through rubber septa. Reaction product solutions and
chromatography fractions were concentrated by using a Biichi rotary evaporator at 15-20
mmHg and then at 0.05 mmHg (vacuum pump) unless otherwise indicated. Column
chromatography was performed on EM Science silica gel 60 (35-75 gpm).
Photochemical Wolff reactions were carried out in a Rayonet photochemical reactor
model RPR-100 containing 16 254-nm, low-pressure mercury vapor bulbs (Southern
New England Ultraviolet Company).
Materials. Commercial grade reagents and solvents were used without further
purification except as indicated below.
(a) Purified by pressure filtration through activated alumina:
Dichloromethane, tetrahydrofuran
(b) Distilled under argon or vacuum from calcium hydride:
Diisopropylethylamine, 1,1,1,3,3,3-hexamethyldisilazane, piperidine,
triethylamine, hexamethylphosphoramide, trimethylsilyl chloride
(c) Distilled under argon from phosphorous pentoxide:
Trifluoromethanesulfonyl anhydride
(d) Distilled under argon from 4 A molecular sieves:
Hexane
(d) Other:
n-Butyllithium was titrated according to the Watson-Eastham method
using menthol or BHT in THF at 0 °C with 1, 1 0-phenanthroline as an indicator36
Chromatography
Analytical thin layer chromatography was performed on Merck precoated glass-
backed silica gel 60 F-254 0.25 mm plates. Visualization was effected by one or more
of the following techniques: (a) ultraviolet irradiation, (b) exposure to iodine vapor, (c)
immersion of the plate in an ethanolic solution of 3% p-anisaldehyde containing 0.5%
concentrated sulfuric acid followed by heating to ca. 200 C, (d) immersion of the plate
in an ethanolic solution of 3% p-vanillin containing 0.5% concentrated sulfuric acid
36 (a) Watson, S. C.; Eastman, J. F. J. Organomet. Chem. 1967, 9, 165. (b) Ellison, R. A.; Griffin, R.;
Kotsonis, F. N. J. Organomet. Chem. 1972, 36, 209.
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followed by heating to ca. 200 C, (e) immersion of the plate in a 10% solution of
phosphomolybdic acid in methanol followed by heating to ca. 200 °C, (f) immersion of
the plate in an aqueous solution of 6% ammonium molybdate and 1% cerium (IV) sulfate
containing 12% concentrated sulfuric acid followed by heating to ca. 200 C, (g)
immersion of the plate in an aqueous solution of 5% sodium hydroxide containing 1%
potassium permanganate and 6% potassium carbonate followed by heating to ca. 200 °C.
Column chromatography was performed on Silicycle silica gel 60 (230-400
mesh).
Instrumentation
Infrared spectra were obtained using a Perkin Elmer 2000 FT-IR
spectrophotometer.
1H NMR were recorded on Varian XL-300 (300 MHz), Varian Unity 300 (300
MHz), Varian Inova 500 (500 MHz), and Bruker Avance-400 (400 MHz) spectrometers.
1' NMR chemical shifts are expressed in parts per million (6) downfield relative to TMS
(with the CHC13 peak at 7.27 ppm used as a standard).
13C NMR spectra were recorded on Varian XL-300 (75 MHz), Varian Inova 500
(125 MHz), and Bruker Avance-400 (100 MHz) spectrometers. 13C NMR chemical
shifts are expressed in parts per million (6) relative to TMS (with the CHC13 peak at
77.23 ppm used as a standard).
High resolution mass spectra (HRMS) were measured on a Bruker Daltonics
APEXII 3 tesla fourier mass spectrometer.
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7-Methyloct-7-en-5-ynoic acid methyl ester (26). A threaded Pyrex tube (40 mm
O.D.; 32 mm I.D.) was charged with Pd(PPh 3)C12 (0.113 g, 0.161 mmol, 0.03 equiv) and
CuI (0.061 g, 0.321 mmol, 0.06 equiv). The tube was evacuated for 5 min at 0.05
mmHg and then filled with argon. This process was repeated twice more, and then the
tube was charged with a solution of the alkyne 2037 (0.675 g, 5.35 mmol, 1.0 equiv) in 9
mL of THF, 2-bromopropene (0.71 mL, 0.97 g, 1.5 equiv), and piperidine (1.8 mL, 1.6 g,
3.5 equiv). The initial brown-red mixture turned yellow upon addition of the piperidine
and then dark green. The tube was sealed with a threaded teflon cap and the reaction
mixture was stirred at room temperature for 1.5 h and then diluted with 30 mL of diethyl
ether. The white precipitate which formed was filtered through a plug of silica gel with
the aid of ca. 250 mL of diethyl ether. Concentration of the filtrate afforded 0.994 g of a
brown-red oil which was diluted with ca. 50 mL of diethyl ether and concentrated onto 3
g of silica gel. The free-flowing powder was placed at the top of a column of 50 g of
silica gel and eluted with 3% EtOAc-hexane to provide 0.757 g (85%) of enyne 26: IR
(neat) 3460, 3096, 2952, 2224, 1740, 1614, 1437, 1372, 1316, 1289, 1216, 1161, 1059,
1011, 896, 788 cm'l; H NMR (300 MHz, CDC13) 6 5.20 (s, 1 H), 5.15 (s, 1 H), 3.68 (s, 3
H), 2.43-2.48 (t, J= 7.4 Hz, 2 H), 2.35-2.40 (t, J= 6.9 Hz, 2 H), 1.83-1.88 (m, 2 H), 1.86
(s, 1 H);13C NMR (75 MHz, CDC13) 6 173.8, 127.3, 120.9, 88.0, 82.9, 51.7, 33.0, 24.0,
23.9, 18.9.
37 Prepared according to the published procedure: see ref. 15.
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1-Ethoxyhepta-1,6-diyne (31). A 100-mL, one-necked, pear-shaped flask equipped
with a rubber septum and argon inlet needle was charged with ethoxyacetylene (40% w/w
solution in hexanes, 6.923 g, 39.51 mmol, 3.0 equiv) and diluted with 25 mL of THF.
The solution was cooled at -78 C while n-BuLi (2.32 M in hexane, 11.4 mL, 26.4 mmol,
2.0 equiv) was added dropwise over 15 min. After an additional 2 h, HMPA (6.0 mL,
6.1 g, 34 mmol, 2.6 equiv) was added dropwise via syringe over 5 min and the resulting
solution was stirred at -78 C for 75 min. A separate 500-mL, three-necked round-
bottomed flask equipped with argon inlet adapter, glass stopper, and rubber septum was
charged with a solution of 5-iodopentyne 3038 (2.556 g, 13.17 mmol, 1.0 equiv) in 100
mL of THF and cooled to 0 C. The lithium acetylide solution was warmed to 0 C and
transferred by cannula into the iodide solution over 20 min (5 mL THF rinse). The
reaction mixture was stirred at 0 C for 15 min and then the cooling bath was removed
and the reaction was allowed to warm to rt. After 3.5 h, the reaction mixture was
diluted with 200 mL of diethyl ether and transferred into a 500-mL separatory funnel.
The reaction mixture was washed with six 100-mL portions of H20 and 100-mL of
saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 1.779 g
of a black oil. Column chromatography on 36 g of acetone-deactivated silica gel
(gradient elution with 0.5-1.0% Et 3N-hexane) provided 0.976 g (54%) of 31 as a colorless
oil: IR (neat) 3297, 2983, 2952, 2938, 2909, 2273, 2118, 1225, 1012, 863 cm-l; H
NMR (500 MHz, CDC13) 6 4.03 (q, J= 7.1 Hz, 2H), 2.31 (dt, J= 2.3, 7.0 Hz, 2H), 2.26 (t,
J= 7.0 Hz, 2H), 1.96 (t, J= 2.6 Hz, 1H), 1.69 (app quintet, J= 7.0 Hz, 2H), 1.35 (t, J=
7.0 Hz, 3H); 13C NMR (75 MHz, CDC13) 6 90.0, 84.2, 74.1, 68.7, 36.4, 28.7, 17.7, 16.6,
14.6.
38 Prepared according to the published procedure: see ref. 20.
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1-Diazo-4-(trimethylsilyl)but-3-en-2-one (22). A 250-mL, three-necked, round-
bottomed flask equipped with an argon inlet adapter, 50-mL pressure-equalizing addition
fiunnel, and rubber septum was charged with a solution of 1,1,1,3,3,3-
hexamethyldisilazane (2.6 mL, 2.0 g, 12.3 mmol, 1.1 equiv) in 31 mL of THF and then
cooled at 0 °C in an ice-water bath while n-butyllithium solution (2.40 M in hexane, 5.1
mL, 12.3 mmol, 1.1 equiv) was added rapidly dropwise. After 10 min, the resulting
pale yellow solution was cooled to -78 C in a dry ice-acetone bath. A solution of enone
3439 (1.59 g, 11.2 mmol, 1.0 equiv) in 21 mL of THF was added dropwise over 15 min
(the addition funnel was rinsed with 5 mL of additional THF). The reaction mixture was
stirred at -78 C for 30 min and then 2,2,2-trifluoroethyl trifluoroacetate (1.8 mL, 2.6 g,
13.4 mmol, 1.2 equiv) was added rapidly (ca. 3 sec) by syringe in one portion. After 20
min, the cold reaction mixture was poured into a 500-mL separatory funnel containing 60
mL of 5% aq HCl solution and 60 mL of Et2O. The aqueous phase was extracted with
two 50-mL portions of Et2O, and the combined organic phases were then washed with
100 mL of saturated NaCl solution and concentrated at reduced pressure to give 3.217 g
of red-brown oil which was dissolved in 40 mL of CH3CN and transferred to a 250-mL,
three-necked, round-bottomed flask equipped with a rubber septum, argon inlet adapter,
and a 50-mL pressure-equalizing addition funnel. Water (0.20 mL, 0.20 g, 11.2 mmol,
1.0 equiv) and triethylamine (2.3 mL, 1.7 g, 16.8 mmol, 1.5 equiv) were added, and a
solution of methanesulfonyl azide (2.0 g, 16.8 mmol, 1.5 equiv) in 40 mL of CH3CN was
added dropwise over 25 min (the addition funnel was rinsed with another 5 mL of
CH3CN). The resulting orange solution was stirred at room temperature for 2.5 h and
then concentrated to a volume ca. 3 mL. The residue was diluted with 60 mL of Et2O
and washed with three 40-mL portions of 10% aq NaOH solution and 50-mL of saturated
NaCl solution, dried over MgSO4, filtered, and concentrated to afford 2.847 g of a red-
brown oil. Column chromatography on 80 g of silica gel (gradient elution with 7-15%
EtOAc-hexane) provided 1.083 g (57%) of the diazo ketone 22 as an orange oil: IR (neat)
3-736, 3490, 3080, 3011, 2958, 2899, 2489, 2425, 2215, 2101, 1943, 1825, 1628, 1583,
39 Prepared according to the published procedures for the reduction of 4-(trimethylsilyl)but-3-yn-2-ol (32)
(see ref. 23) and oxidation of the resulting alcohol (33) (see ref. 24).
31
1355, 1311, 1250, 1207, 1172, 1144, 1079, 991, 957, 864, 779, 753, 735, 696, 645, 609,
458 cml; IH NMR (300 MHz, CDC13) 6 7.03 (d, J= 18.6 Hz, 1 H), 6.37 (d, J= 18.9 Hz,
1 H), 5.42 (s, 1 H), 0.19 (s, 9 H); 3C NMR (75 MHz, CDC13) 6 184.6, 144.8, 139.8, 55.2,
-1.7; UV-Vis (pentane) ,,ax, nm (E) 300 (37000), 244 (64000).
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4,4-Bis(trimethylsilyl)but-3-en-2-one (51). A 100-mL, three-necked, round-bottomed
flask equipped with argon inlet adapter, rubber septum, and a second rubber septum
pierced with a thermocouple probe was charged with a solution of n-BuLi (2.30 M in
hexane, 9.2 mL, 21 mmol, 0.9 equiv), 4 mL of hexane, and 15 mL of THE. The
resulting yellow solution was cooled to -70 °C (internal temperature) in a dry-ice acetone
bath while the allene 4840 (3.00 g, 23.4 mmol, 1.0 equiv) was added via cannula over 20
min. The reaction mixture was then stirred at -70 C for an additional 15 min, and then
allowed to warm to -30 C over ca. 30 min. Methyl iodide (1.3 mL, 3.0 g, 21 mmol, 0.9
equiv) was added dropwise by syringe over 5 min, and HMPA (3.3 mL, 3.4 g, 19 mmol,
0.8 equiv) was added over 3 min via syringe at a rate such that the reaction temperature
did not exceed 0 C. The reaction mixture was then stirred at -10 C for 40 min before
being allowed to warm to rt. The orange-red reaction mixture was poured into a 125-
mL separatory funnel containing 1 mL of Et2NH and 30 mL of ice-cold water. The
aqueous layer was extracted with three 15-mL portions of pentane. The combined
organic layers were washed with three 20-mL portions of water, 20 mL of saturated NaCl
solution, dried over K2CO3, filtered, and concentrated to afford 4.967 g of orange-red
liquid which was diluted with 42 mL of THF and transferred to a 250-mL, three-necked,
round-bottomed flask equipped with an argon inlet adapter and two rubber septa. The
solution was cooled to -78 C while n-BuLi (2.30 M in hexane, 11 mL, 25 mmol, 1.2
equiv) was added dropwise via syringe over 15 min. After 1 h, trimethylsilyl chloride
(3.2 mL, 2.7 g, 25 mmol, 1.2 equiv) was added via syringe over 10 min. After an
additional 10 min, the cooling bath was removed and the reaction mixture was allowed to
warm to rt over 2 h. The reaction mixture was then cooled back down to -78 C while
n-BuLi (2.30 M in hexane, 14 mL, 32 mmol, 1.5 equiv) was added dropwise via syringe
over 30 min. After 1 h, trimethylsilyl chloride (4.0 mL, 3.4 g, 31 mmol, 1.5 equiv) was
added via syringe over 10 min. After an additional 1 h at -78 C, the cooling bath was
removed and the reaction mixture was allowed to warm to rt over 1 h. Et2NH (2 mL)
was then added, and the reaction mixture was transferred to a 500-mL separatory funnel
containing 70 mL of ice-cold saturated NaHCO3 solution. The aqueous layer was
extracted with three 50-mL portions of pentane. The combined organic layers were
40 Prepared according to the published procedure: see ref. 28.
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washed with 70 mL of water and 70 mL of saturated NaCl solution, dried over K2CO3,
filtered, and concentrated to afford 6.790 g of an orange-brown liquid which was diluted
with 70 mL of MeOH and transferred to a 250-mL, three-necked, round-bottomed flask
equipped with an argon inlet adapter, a rubber septum, and a glass stopper. p-
Toluenesulfonic acid (0.945 g, 5.49 mmol. 0.26 equiv) was added in one portion. After
30 min at rt, the reaction mixture was poured into a 500-mL separatory flask containing
75 mL of ice-cold saturated NaHCO3 solution and an additional 100 mL of water. The
aqueous layer was extracted with three 100-mL portions of pentane. The combined
organic layers were then washed with 150 mL of saturated NaCl solution, dried over
1MgSO4, filtered, and concentrated to afford 4.102 g orange liquid. Column
chromatography on 200 g of silica gel (gradient elution with 0-3% EtOAc-hexane)
provided 3.189 g (70%) of enone 51 in ca. 90% purity as an orange liquid: IR (neat) 2955,
1700, 1354, 1249, 1185, 842 cm-l; H NMR (300 MHz, CDC13) 6 7.13 (s, 1 H), 2.27 (s, 3
H), 0.18 (s, 9 H), 0.17 (s, 9 H); 3C NMR (75 MHz, CDC13) 6 199.3, 165.3, 148.9, 30.4,
1.2, 0.2.
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1-Diazo-4, 4-(bistrimethylsilyl)but-3-en-2-one (43). A 250-mL, three-necked, round-
bottomed flask equipped with argon inlet, 50-mL pressure-equalizing addition funnel, and
rubber septum was charged with a solution of 1,1,1,3,3,3-hexamethyldisilazane (3.4 mL,
2.6 g, 16 mmol, 1.1 equiv) in 38 mL of THF and then cooled to 0 C in an ice-water bath
while n-butyllithium solution (2.30 M in hexane, 7.0 mL, 16 mmol, 1.1 equiv) was added
rapidly dropwise. After 15 min, the resulting pale yellow solution was cooled to -78 °C
in a dry ice-acetone bath. A solution of enone 51 (3.155 g, 14.71 mmol, 1.0 equiv) in 30
mL of THF was added dropwise over 20 min (the addition funnel was rinsed with 6 mL
of additional THF). The reaction mixture was stirred at -78 C for 45 min and then
2.,2,2-trifluoroethyl trifluoroacetate (3.9 mL, 5.8 g, 29mmol, 2.0 equiv) was added rapidly
(ca. 3 sec) by syringe in one portion. After 15 min, the cold reaction mixture was
poured into a 500-mL separatory funnel containing 70 mL of 5% aq HCl solution and 75
mL of Et2O. The aqueous phase was extracted with two 50-mL portions of Et2O, and
the combined organic phases were then washed with 50 mL of saturated NaCl solution,
dried over M1gSO4, filtered, and concentrated to give 7.059 g of brown-orange liquid
which was dissolved in 45 mL of CH3CN and transferred to a 250-mL, three-necked,
round-bottorrled flask equipped with a rubber septum, argon inlet adapter, and a 50-mL
pressure-equalizing addition funnel. Water (0.265 mL, 0.265 g, 14.71 mmol, 1.0 equiv)
and Et 3N (3.1 mL, 2.2 g, 22 mmol, 1.5 equiv) were added, and a solution of
methanesulfonyl azide (2.673 g, 22.07 mmol, 1.5 equiv) in 40 mL of CH3CN was
added dropwise over 25 min (the addition funnel was rinsed with another 13 mL of
CH 3CN). The resulting solution was stirred at rt for 5 h and then concentrated to a
volume ca. 5 mL. The residue was diluted with 60 mL of Et2O and washed with three
40-mL portions of 10% aq NaOH solution and 70-mL of saturated NaCl solution, dried
over MgSO 4, filtered, and concentrated to afford 3.291 g of dark orange-red thick oil.
Column chromatography on 200 g of silica gel (gradient elution with 0-70% CH2C12-
hexane) provided 1.750 g (34% overall yield from allene 48) of the diazo ketone 43 as a
yellow solid: IR (thin film) 3583, 3077, 2950, 2097,1623, 1551, 1362, 1250 cm-'; H
NMR (400 MHz, CDC13) 6 6.81 (br s, 1 H), 5.38 (br s, 1 H), 0.19 (s, 9 H), 0.15 (s, 9 H);
13C NMR (100 MHz, CDC13) 6 184.9, 165.2, 146.5, 56.6, 1.3, 0.2.
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3-Ethoxy-2-pent-4-ynyl-6-trimethylsilylphenol (53). A 20-cm Vycor tube (9 mm
C).D., 7 mm I.D.) fitted was a rubber septum was charged with the ethoxyacetylene 31
(0.150 g, 1.10 mmol, 1.5 equiv). A pale yellow solution of diazo ketone 43 (0.177 g,
0.734 mmol, 1.0 equiv) in 1.7 mL of 1,2-dichloroethane was cannulated into the Vycor
tube. A second rubber septum (inverted) was then secured with electrical tape over the
first to insure a good seal. The reaction mixture was degassed (three freeze-thaw cycles
at -196 C, < 0.5 mmHg) and then irradiated with 254 nm light for 4 h in a Rayonet
photochemical reactor. The photochemical reactions were conducted with a fan in
operation, and the internal temperature of the chamber remained between 31-32 C.
The resulting yellow-orange solution was concentrated to afford 0.307 g of an orange oil
which was immediately dissolved in 15 mL of MeOH and transferred to a 100-mL, one-
necked, round-bottomed flask equipped with a rubber septum and argon inlet needle.
K2CO3 (0.076 g, 0.551 mmol, 0.75 equiv) was added in one portion. The suspension
was stirred at rt for 7 min and then diluted with 30 mL of ether. The reaction mixture
was transferred into a 125-mL separatory funnel and washed with 30 mL of saturated
N H4Cl solution. The separated aqueous phase was extracted with two 20-mL portions
of ether. The combined organic layers were washed with 30 mL of saturated NaCl
solution, dried over MgSO4, filtered, and concentrated by rotary evaporation (20 mmHg)
to afford 0.249 g of amber oil. The residual oil was further concentrated with stirring at
25 °C (200 mmHg) for 2.5 h to afford 0.171 g of an amber oil. Column chromatography
on 4 g of silica gel (gradient elution with 0-5% EtOAc-hexane) provided 0.135 g (67%)
of phenol 53 as an orange oil: IR (neat) 3609, 3538, 3308, 2953, 2890, 2117, 1596, 1273,
1086, 840 cm-; 1H NMR (300 MHz, CDC 3) 6 7.17 (d, J= 7.8 Hz, 1 H), 6.47 (d, J=
8.3, 1 H), 5.28 (s, 1 H), 4.02 (q, J= 7.0, 2 H), 2.77 (t, J= 7.3 Hz, 2 H), 2.23 (dt, J= 2.5,
6.7 Hz, 2 H), 2.10 (t, J= 2.6 Hz, 1 H), 1.81 (app quintet, J= 7.0 Hz, 2 H), 1.41 (t, J= 6.9
Hz, 3 H), 0.29 (s, 9 H); 3C NMR (75 MHz, CDC13) 6 159.9, 159.3, 133.4, 117.2, 114.2,
103.9, 85.0, 69.6, 63.8, 27.5, 21.7, 18.0, 15.2, -0.5; HRMS (EI) m/z calcd for C1 6H2402Si
276.1540, found 276.1539.
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3-Ethoxy-2-(6-methyl-hept-6-en-4-ynyl)-6-trimethylsilylphenol (63). A threaded
Pyrex tube (18 mm O.D.; 14 mm I.D.) was charged with Pd(PPh 3)C12 (0.007 g, 0.01
mmol, 0.03 equiv) and CuI (0.004 g, 0.02 mmol, 0.06 equiv). The tube was evacuated
for 5 min at 0.05 mmHg and then filled with argon. This process was repeated twice
more, and then the tube was charged with a solution of alkyne 53 (0.095 g, 0.34 mmol,
1.0 equiv) in 0.5 mL of THF, 2-bromopropene (0.092 mL, 0.125 g, 3.0 equiv), and
piperidine (0.12 mL, 0.10 g, 3.5 equiv). The tube was sealed with a threaded teflon cap
and the reaction mixture was stirred at room temperature for 1.5 h. The yellow-orange
suspension turned dark green and was diluted with 4 mL of diethyl ether. The white
precipitate which formed was filtered through a plug of silica gel with the aid of ca. 10
mL of diethyl ether. Concentration of the filtrate afforded 0.141 g of a brown oil.
Column chromatography on 10 g of silica gel (5% EtOAc-hexane) and 8 g of silica gel
(2% EtOAc-hexane) afforded 0.057 g (52%) of enyne 63 as a yellow oil: IR (neat) 3609,
3583, 3506, 2953, 2223, 1596, 1272, 1087, 839 cm -'; 'H NMR (500 MHz,
CDC13) 6 7.18 (d, J= 7.9 Hz, 1 H), 6.48 (d, J= 7.9 Hz, 1 H), 5.44 (s, 1 H), 5.30 (br s, 1
H), 5.22 (t, J= 1.5 Hz, 1 H), 4.03 (q, J= 6.9 Hz, 2 H), 2.79 (t, J= 7.2 Hz, 2 H), 2.35 (t, J
= 6.7 Hz, 2 H), 1.94 (app d, J= 0.9 Hz, 3 H), 1.82 (app quintet, J= 6.9 Hz, 2 H), 1.42 (t,
J= 6.9 Hz, 3 H), 0.30 (s, 9 H); 13C NMR (125 MHz, CDC13) 6 160.2, 159.5, 133.6, 127.3,
121.6, 117.5, 114.5, 104.1, 89.6, 83.7, 64.0, 27.9, 24.2, 22.0, 19.1, 15.4, -0.3; HRMS (El)
m/z calcd for C19H280 2Si 316.1853, found 316.1857.
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Trifluoromethanesulfonic acid 3-ethoxy-2-(6-methyl-hept-6-en-4-ynyl)-6-
trimethylsilylphenyl ester (64). A 50-mL, one-necked, pear flask equipped with
rubber septurn and argon needle was charged with the phenol 63 (0.057 g, 0.18 mmol, 1.0
equiv) and diluted with 1 mL of CH 2C12. The reaction mixture was cooled to -78 °C
while diisopropylethylamine (0.19 mL, 0.14 g, 1.1 mmol. 6.0 equiv) and triflic anhydride
(0.12 mL, 0.20 g, 4.0 equiv) were added via syringe. The reaction mixture was stirred at
-78 °C for 3 h and then slowly warmed to rt for an additional 6 h. The reaction mixture
was diluted with 10 mL of CH2C12, and transferred to a 60-mL separatory funnel
containing 10 mL of saturated NaCl solution. The aqueous layer was extracted with two
10-mL portions of CH2C12. The combined organic layers were washed with two 15-mL
portions of saturated NaHCO3 solution, 15 mL of saturated NaCl solution, dried over
Ml/gSO4, filtered and concentrated to afford 0.108 g of dark brown oil. Column
chromatography on 10 g of silica gel (elution with benzene) afforded 0.044 g of 64 as an
orange oil: IR (neat) 2954, 2226, 1596, 1401, 1253, 1213 cm-1; H NMR (500 MHz,
CDC13) 6 7.35 (d, J= 8.2 Hz, 1 H), 6.87 (d, J= 8.2 Hz, 2 H), 5.20 (br s, 1 H), 5.14 (t, J=
1.8 Hz, 1 H), 4.07 (q, J= 7.0 Hz, 2 H), 2.83 (m, 2 H), 2.31 (t, J = 7.3 Hz, 2 H), 1.87 (dd,
J= 1.5, 1.1 Hz, 3 H), 1.77 (m, 2 H), 1.45 (t, J= 6.9 Hz, 3 H), 0.35 (s, 9 H); 13C NMR (75
MHz, CDC13) 6 159.6, 151.0, 135.0, 127.5, 125.2, 124.7, 120.6, 118.8 (q, J= 317.8 Hz,
IC), 111.2, 89).1, 82.2, 64.4, 28.3, 24.2, 24.0, 19.5, 15.0, 0.5.
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4-Ethoxy-8-methyl-2,3-dihydro-lH-phenalene (67). A 100-mL, one-necked, pear
flask equipped with rubber septum and argon inlet needle was charged with enyne 64
(0.068g, 0.152 mmol, 1.0 equiv) and 18 mL THF. A solution of Bu4NPh 3SiF2 (0.246 g,
0.456 mmol, 3.0 equiv) and BHT (0.050 g, 0.227 mmol, 1.5 equiv) in 12 mL of THF was
added rapidly via cannula over 30 sec. After 44 h, the reaction mixture was
concentrated to provide 0.392 g of tan solid. The crude reaction mixture was
concentrated onto 0.800 g silica gel with the aid of 20 mL of CH 2Cl 2. The free-flowing
powder was placed at the top of a column of 35 g of silica gel and eluted with 5-10%
benzene-hexane to provide 0.020 g (59%) of 67 as a pale yellow oil: IR (neat) 2930, 1601,
1469, 1250, 1124, 1055 cm-'; 'H NMR (300 MHz, CDC13) 6 7.58 (d, J= 8.8 Hz, 1 H),
7.39 (s, 1 H), 7.19 (d, J= 8.8 Hz, 1 H), 7.04 (s, 1 H), 4.16 (q, J= 7.0 Hz, 2 H), 3.04 (m, 4
H), 2.45 (s, 3 H), 2.03 (quintet, J= 6.2 Hz, 2 H), 1.45 (t, J= 7.0 Hz, 3 H); 3 C NMR (100
MHz, CDC13) 6 151.6, 135.6, 132.8, 129.5, 129.4, 126.5, 125.9, 124.7, 122.1, 114.9, 65.1,
31.1, 24.2, 22.7, 21.7, 15.5; HRMS (EI) m/z calcd for C16H180 226.1352, found 226.1351.
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